Organochlorine pesticides (OCPs) such as DDT and DDE The OCPs detected and their metabolites were α-endosulfan, β-endosulfan, endosulfan sulphate, DDD, DDE, DDT and endrin. The metabolite DDE, a breakdown product of DDT, was the most persistent OCP in all depths analysed. Endosulfan sulphate was the second most persistent followed by endrin > α-endosulfan > β-endosulfan >DDT and DDD. DDT was sprayed extensively in the lower Namoi Valley up to the early 1980's and may explain the persistence of DDE in the majority of soil samples. Dicofol and Dieldrin, two OCPs previously undocumented in Vertisols were also detected. The movement of OCPs into the subsoil of Vertisols may occur when irrigation or rain 2 transports soil colloids and organic matter via preferential flow systems into the deeper layers of a soil profile. Persistence of OCPs was closely correlated to soil organic carbon concentrations. The persistence in soil of OCP's applied to cotton crops grown more than two decades ago suggests that they could enter the food chain. Their presence at depths of 1.2 m suggests that they could move into groundwater that may eventually be used for domestic and stock consumption.
Organochlorine pesticides (OCPs) such as DDT (dichlorodiphenyltrichloroethane) and its metabolites such as DDE (dichlorodiphenylethane) at concentrations ranging from 0 to 2 mg/kg have been detected in the surface 0.2 m of Vertisols (> 50 g/100 g clay) in the lower Namoi Valley of north western New South Wales, Australia (Shivaramaiah et al., 2002) . The last applications of DDT in the region are thought to have taken place in 1982 when endosulfan was introduced and DDT was banned (Shivaramaiah et al., 2002) . At the same time, significant amounts of seasonal deep drainage have been reported in these same soils (Silburn and Montgomery, 2004; Weaver et al., 2005; Ringrose-Voase and Nadelko, 2010) . It is likely, therefore, that OCPs are present below 0.2 m in the soil profile and are accumulating at depth with the potential to move into shallow groundwater systems.
The literature indicates that there are few studies which have assessed the presence and concentrations of OCPs in the deeper soil horizons and none that have addressed these issues in clayey Vertisols. A study conducted on the outskirts of Beijing, China, found that DDE was present to a depth of 1.8 m (< 32 g/100 g clay) with concentrations ranging from 0.05 to 48 µg/kg (Zhu et. al., 2005) . Other studies from China (Feng et al., 2003) reported DDT and HCH values ranging from 0 to 4 µg/kg in the 0.16-0.30 m depth and 0 to 3 µg/kg in the 0.31-0.50 m depths. In a survey of upland (not defined by authors; presumably hill country pasture), rainfed cropping and lowland paddy soils, Zhang et al. (2009) reported that the concentrations of DDT and its breakdown products such as DDE ranged from 0.5 to 484 µg/kg and HCH from 0.3 to 18 in the 0-1m depth with a greater proportion (60-80%) occurring in the subsoil. Highest values of DDT were observed in cotton soils and HCH in rice paddy soils. In general, where the subsoil has been studied, OCPs such as DDT have been detected at concentrations ranging from 0 to ~ 200 µg/kg (Zhu et. al., 2005; Feng et al., 2003; Zhang et al, 2006 Zhang et al, , 2009 Gonzalez et al., 2010) , although higher concentrations were detected in areas that had been subjected to higher rates of application (Zhang et al., 2009) .
OCPs are also known to be recalcitrant to degradation in natural environments and are, thus, persistent organic pollutants (Zhang et. al., 2006) . In strongly-aggregated clay soils such as Vertisols, the OCPs may be further protected from degradation by aggregation around organic matter to which the OCPs are adsorbed. The consequent impacts of these OCPs that have been stored for lengthy periods in the subsoil on the environment and human health has not been determined.
The objective of this study was to determine if OCPs were present to a depth of 1.2 m in the soil fraction of Vertisols under irrigated cotton farming systems in the lower Namoi Valley of New South Wales. Soil rather than leachate collected from soil water samplers was preferred because review of the literature indicated that OCPs are hydrophobic but are strongly adsorbed to soil organic carbon (Meijer et al., 2003; Cornejo et al., 2005) . Hence, transport of OCPs occurs primarily by physical movement of soil particles during rain and irrigation events along preferential flow channels or by matric flow (Haria et al., 1994; Favre et al., 1997; Zhang et al., 2009 ) rather than through dissolution or as a suspension in water. In swelling soil such as Vertisols, other pathways such as dry soil falling down deep cracks (Hulugalle et al., 2001) and soil "churning" or inversion during wetting/drying cycles (Cheng and Petty, 1993; Kishne et al., 2009 ) may also be involved.
Laser levelling and soil inversion during land preparation may be another pathway. (Fig. 1) .
Materials and methods

Experimental sites and soil sampling
These sites have a sub-tropical, semi-arid climate (Kottek et al., 2006) Weaver et al. (2005) . Detailed soil properties of these sites are shown in Table 1 .
Soil was sampled before sowing and after harvest (2000-01, 2001-02, 2002 -03 cotton seasons) along diagonal transects in each plot and cores taken to a depth of 1.2 m at 20 m intervals at the ACRI and at 40 m intervals in all other sites. The cores were divided into depths of: 0-0.3, 0.3-0.6, 0.6-0.9 and 0.9-1.2 m. Soil samples (3) were also removed from the 0-1.2 m depth of the return water channel from the ACRI experimental site and an adjacent irrigated field. An additional sample taken from the 0.6 to 0.9 metre depth of the adjacent field to the ACRI site was analysed to ascertain the reliability of the procedure before commencing analysis on the remaining soil samples. This field was selected as it had been sprayed with endosulfan during November 2004. The samples (0-1.2 m) were taken from the adjacent field shortly thereafter and included two from the head ditch and one from the tail drain. A total of 211 soil samples from the three sites were analysed for OCPs.
Samples taken from the 0-0.90 m depth at Merah North during 2000 were not analysed because a preliminary assessment of a subsample showed that OCP concentrations in more than 90% of the samples were not detected by our methodology.
Analysis of OCPs
Ten grams of air-dried soil (< 0. endosulfan, 85 45 µg/kg; endosulfan sulphate, 14 µg/kg; DDE, 654 µg/kg; DDD, 28 µg/kg; DDT, 112 µg/kg; endrin, 10 µg/kg; dicofol, 18 µg/kg; dieldrin, 10 µg/kg. Dicofol and dieldrin were not analysed by our methodology.
Soil analyses
Air-dried soil (<2 mm diameter) was used to determine pH in a 1:5 soil:0.01 M CaCl 2 suspension, and EC 1:5 , electrolytic conductivity in a 1:5 soil:water suspension (Rayment and Higginson, 1992) .
Exchangeable Ca, Mg, K and Na were measured with an atomic absorption spectrophotometer after washing with aqueous alcohol and aqueous glycerol to remove soluble salts followed by extraction with alcoholic 1 M NH 4 Cl at a pH of 8.5 (Tucker, 1985 (Tucker, 1985) . The exchangeable cation concentrations were used to derive exchangeable sodium percentage, ESP (=Exchangeable Na*100/Σexchangeable Ca, Mg, K, Na) and EC 1:5 /exch. Na, both of which are indicators of soil structural stability, although the latter is reported to be superior (Hulugalle and Finlay, 2003) . Total soil organic carbon (SOC) was determined by the wet oxidation method of Walkley and Black on air-dried soil<0.5 mm diameter and nitrate-N with the Kjehdahl method (Rayment and Higginson, 1992) .
Statistical analyses
The most persistent OCP detected was DDE, a degradation product of DDT; therefore DDE was modelled against factors depth, year and their interaction with site and sample location within site as blocking effects. Factors tillage, treatment, and crop phase were individually added to the model but dropped since they were not significant. cropping system and variability in some of the data due to spatial and measurement variability.
Results and discussion
Analysis Overview
Of the 211 soil samples tested, 99% contained detectable OCPs. The OCPs detected and their metabolites were α-endosulfan, β-endosulfan, endosulfan sulphate, DDD, DDE, DDT and endrin ( Figure 2) . The OCP's tested for but not detected during this study were: aldrin, α-BHC, β-BHC, γ-BHC (lindane), α-chlordane, γ-chlordane, total chlordane, heptachlor and methoxychlor. The metabolite DDE, a breakdown product of DDT, with a half-life of 15 years (Shivaramaiah et al., 2002) had the highest concentration among OCPs at all depths analysed at ACRI, followed by endosulfan sulphate, α-endosulfan and endrin. These OCP's were present at approximately similar concentrations. DDD concentrations were also relatively high in the surface 0.30 m. β-endosulfan and DDT had the lowest concentrations at ACRI. DDT was sprayed extensively in the lower Namoi
Valley for the control of Heliothis moths up to the early 1980's (Shivaramaiah et al., 2002) and may explain the persistence of DDE in a large number soil samples. In comparison with ACRI, endosulfan and its derivatives were found at concentrations greater than that of DDT at Wee Waa and Merah North (Table 2 ). DDT and endosulfan are no longer used by the Australian cotton industry. Changes occurred in concentrations of some OCPs between October 2000 and October 2002, presumably due to movement further into the soil profile (Table 2) . These were DDE (P < 0.001), endrin (P = 0.015), α-endosulfan (P = 0.092) and endosulfan sulphate (P = 0.063). 
Endosulfan
In general, endosulfan sulphate, α-endosulfan and β-endosulfan concentrations were higher in the surface 0.6 m of both the ACRI and Wee Waa than at Merah North (Table 2) . This is probably related to the frequency of endosulfan application in these sites. During the previous decade, endosulfan was rarely used at Merah North but was applied during most cotton seasons at both At Merah North, the most common OCP at the 0.9-1.2m depth was endosulfan sulphate followed by DD ( Table 2 ). The highest concentration of endosulfan sulphate detected was 76 µg/kg in the excotton-wheat sequence as compared to the ex-cotton-dolichos (37 µg/kg) and ex-continuous cotton (23 µg/kg). This may be related to movement of stubble, soil organic matter and aggregates down preferential flow pathways such as soil cracks, biopores and slickensides under dry conditions and with the wetting front during irrigation. This is consistent with the findings of Hulugalle et al. (2001) and Shivaramaiah el al. (2002) who surmised that the discovery of residues deeper in the soils of the Namoi Valley was the result of the downward movement of residues carried on dry soil into the cracks. Furthermore, the fibrous root system of wheat is reported to be able to dry out the soil to a greater extent, and thus form deeper cracks than the tap roots of crops such as cotton and dolichos (Hulugalle et al., 2006) . The same authors also noted that specific volume of soil clods, extracted from bulk soil between cracks, was in the order of ex-cotton-wheat > ex-continuous cotton > excotton-dolichos. Given these differences in soil structural indices and thus, drainage (Weaver et al., 2005) , it is not surprising that concentrations of endosulfan sulphate in the 0.9-1.2 m depth followed the same trend. Furthermore, as all three crop sequences were managed similarly with respect to pest management and irrigation, the lower concentrations of OCPs at depth under the ex-continuous cotton and ex-dolichos imply that larger amounts of OCPs may have been transported off-field via surface runoff. In contrast, the better structure and drainage in the ex-cotton-wheat may have resulted in smaller amounts being lost in runoff with larger amounts leached into the subsoil. Silburn et al. (2002) and Shivaramaiah et al. (1998 Shivaramaiah et al. ( , 2002 showed that OCPs such as endosulfan and DDE can be transported in runoff and eroded sediment from irrigated cotton fields. Silburn et al. (2002) suggested that the primary pathway of movement of endosulfan in soil was through the finer sediments while that of DDE was the more coarse aggregated sediments. This was because the aggregated sediments had higher organic matter content that adsorbed DDE and protected it from volatilisation, leaching and microbiological degradation (Silburn et al., 2002) .
Degradation of α-endosulfan results in an increase in endosulfan sulphate (Ghadiri and Rose, 2001 ).
These authors also reported that soil moisture and temperature were the major determinants of the degradation rates of α and β endosulfan isomers and their primary degradation product endosulfan sulphate. They found that when soil moisture levels and temperature are high α-endosulfan had a half life of 7 days, whereas under cool, water stressed conditions it increased to 27 days. Under anaerobic conditions, which are characteristic of waterlogged soil or the deep subsoil of irrigated clay soils, however, the half life of α-endosulfan increased to ~50 days. Under similar conditions, β-endosulfan had a half life of 87 days and endosulfan sulphate, 120 days. Consequently, under anaerobic conditions conversion rates of α and β isomers of endosulfan to endosulfan sulphate was low, as was further degradation of the latter (Ghadiri and Rose 2001) . In this study, endosulfan sulphate was observed at a depth of 1.2 metres at both Wee Waa and ACRI with decreases occurring at rates much higher than could be expected with degradation alone (Table 2 ). As deep tillage was not practiced in both these sites (an in Merah North) during the study period, we suggest that decrease in concentrations of endosulfan isomers and endosulfan sulphate in the deep subsoil can only be attributed to vertical movement via preferential flow systems such as cracks, biopores and slickensides while adsorbed onto clay particles and organic matter.
DDT and DDE
As noted in section 3.1, DDE was present at relatively high concentration at all depths in the ACRI and somewhat lower concentrations at Wee Waa and Merah North (Table 2) . Between 2000 and 2003, however, concentrations decreased in the depths > 0.3 at Wee Waa and the ACRI, and in the 0.9-1.2 m depth at Merah North. Rates of decease in the 0.9-1.2 m depth was of the order of 7.4 ± 3.0 µg/kg/year at ACRI and 2.6 ± 1.3 µg/kg/year at WeeWaa. At Merah North, DDE concentrations under the ex-continuous cotton, ex-cotton-dolichos and ex-cotton-wheat decreased at rates of 1.9 ± 0.9, 1.8 ± 0.4 and 0.5 ± 0.3 µg/kg/year. The relatively low values for ex-cotton-wheat was probably due to confounding by DDE from the upper horizons moving into this depth at faster rate than with the other rotations due to differences in soil structure (see section 3.2). Our results contradict those of Shivaramaiah et al. (1998) who reported that in the Gwydir and Macintyre valleys of NSW, DDE was only present in the surface 0.2 m and was not likely to move any deeper as they assumed that only lateral movement of water occurred in clayey Vertisols. However, deep drainage does occur in clayey Vertisols (Weaver et al., 2005; Ringrose-Voase and Nadelko, 2010) . Thus, lipophilic pesticides that are adsorbed to organic carbon (Meijer et al., 2003; Cornejo et al., 2005) have the potential to move deeper into the soil profile.
The DDE concentrations of the order of 400 µg/kg in the surface 0.3 m at the ACRI are comparable to those reported by Gonzalez et al. (2010) sites where DDT application rates were lower and less frequent. Youfeng et al. (2005) reported DDE residues in the deeper layers of soils that ranged from 0.4 to 5.4 µg/kg. The range of DDE at 0.9-1.2 m in our study was from 0 to 33 µg/kg. The higher maximum concentrations of DDE in our study probably reflects the higher rates and more frequent applications of DDT (Shivaramaiah et al., 2002) than in the study from China.
There were no effects of treatment, cropping or tillage on DDE concentrations. However, the linear model (Table 3) (Kennedy et al., 2001) . The relationship between organic carbon and DDT has been frequently studied although the results have been variable. Meijer et al. (2003) reported that hydrophobic chemicals like OCPs accumulated in the organic carbon fraction of soil, whereas others reported either no correlation (Zhu et al., 2005) or that organic carbon had no direct effect on the degradation of DDT (Zhang et al., 2006) .
OCPs and soil properties
Except for DDT, which was not significantly related to any soil property, presumably because of its relatively low concentration (Table 2) , some general trends were present with respect to correlations between OCPs and soil properties. Positive correlations were present for organic carbon, exchangeable Ca and K, and EC 1:5 /exchangeable Na, and negative correlations for exchangeable Mg and Na, and ESP (Table 3) . OCPs are strongly adsorbed to soil organic matter (Meijer et al., 2003; Cornejo et al., 2005) , and consequently, the positive relationship to soil organic carbon is not surprising (see also section 3.3 and Figure 3 ). Exchangeable Ca and K at the concentrations observed in this study, and EC 1:5 /exchangeable Na are known to be positively related to soil structural stability and permeability, whereas exchangeable Mg and Na, and ESP are negatively related to the same (Chen et al., 1983; Sumner, 1993; Hulugalle and Finlay, 2003) . Thus, in addition to organic matter, soil characteristics that enhance soil structure and permeability and, consequently, drainage, are likely to facilitate movement of OCPs deep into the subsoil of irrigated Vertisols.
OCPs in return water channels and neighbouring fields
The return water channel is used for all the fields irrigated at the research institute. Concentrations of DDD and DDE in the return water channel were, generally, higher than those in the adjacent field whereas the reverse occurred with respect to endosulfan sulphate and endosulfan isomers (Table 4) .
This was probably associated with historical chemical usage patterns and transport pathways. Silburn et al. (2002) suggested that erosion of fine sediments to which endosulfan had been adsorbed was the primary pathway of movement in soil while that of DDE was the coarse aggregated sediments, which protected it from volatilisation, and microbiological degradation. In our study, in-field DDE concentrations were lower than those in the return water channel because during the previous two decades DDT was not applied to cotton while eroded DDE-enriched sediments from all fields at the research station may have accumulated in the latter. In contrast, endosulfan was used during the study and concentrations were, thus, more likely to be higher in-field. At the same time, endosulfan that was transported into the tailwater channel may have been lost due to microbial degradation (Guerin, 1999) and volatilisation (Hose et al., 2003) .
Dicofol and dieldrin
Dicofol is a non-systemic acaricide and has been used in agriculture and horticulture for the control of spider mites and soft-bodied mites in apples, cucumbers, tomatoes, hops, wines, lettuce and ornamentals. It is structurally similar to DDT and accumulates in body fat and is cumulative in the environment (Zhu et al 2005) . The presence of DDT in human milk has been reported in China and the source of this contamination was thought to have come from the use of Dicofol, which contains 5-10% DDT (Zhu et al. 2005) . Dicofol has been applied in the past to control early season insect pests in cotton crops (Kennedy et al., 2000) , although published research on the movement of Dicofol in Vertisols of the lower Namoi Valley in NSW appears to be non-existent.
Dieldrin is also a chlorinated hydrocarbon and was originally produced as an insecticide. It is an extremely persistent organic pollutant and is now banned in most of the world due to its proven toxicity to a wide range of animals including humans and it does not break down easily. It bioaccumulates as it is passes along the food chain. Its presence in the Vertisols at the ACRI is of concern as this too, had not been previously documented.
Conclusions
OCPs were present up to a depth of 1.2 metres in Vertisols of the lower Namoi Valley in NSW, Australia. Higher concentrations were observed under minimum-tilled cotton-wheat rotations, although significant differences were absent. In addition to more common OCPs such as DDE and endosulfan, previously undetected products such as dicofol and dieldrin were detected. The vertical movement of OCPs in Vertisols may occur when irrigation or rain transports soil colloids and organic matter via preferential flow systems into the deeper layers of a soil profile. Persistence of OCPs was closely correlated to soil organic carbon concentrations. The persistence in soil of OCP's applied to cotton crops grown more than two decades ago suggests that they could enter the food chain. Their presence at depths of 1.2 m suggests that they could move into groundwater that may eventually be used for domestic and stock consumption.
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